Abstract-Recently, multicarrier transmission schemes have been introduced into code-division multiple access (CDMA) systems to gain advantages for high data rate transmission. One of the methods is to transmit identical narrowband direct-sequence (DS) waveforms in parallel over a number of subchannels using frequency diversity. In this paper, we propose a multicarrier CDMA system with an adaptive subchannel allocation method for forward links. In the proposed system, instead of identical DS waveforms being transmitted over a number of subchannels in parallel, each user's DS waveform is transmitted over the user's favorite subchannel which has the largest fading amplitude among all the subchannels. We analyze the performance characteristics of the system when orthogonal and random signature sequences are used. The proposed system is shown to have performance gain over the conventional multicarrier CDMA system. We also investigate how the performance is influenced when the signal is not perfectly allocated into the best subchannel.
narrowband signature sequence modulates subcarriers, the receiver provides a correlator for each subcarrier, and the output of the correlators are combined with a maximal ratio combiner (MRC). This system was shown to be robust to multipath fading, have an inherent narrowband interference suppression characteristic, and require a low chip rate. We will call the system proposed in [7] the MRC MC/CDMA system throughout this paper.
In this paper, we are interested in the improvement of the MRC MC/CDMA system for the forward link. Instead of transmitting identical DS waveforms over subchannels uniformly, we propose to transmit each user's DS waveform over one favorite subchannel for the user. In fact, an MC/CDMA system utilizing hopping over favorite subchannels was proposed for the reverse link and a frequency-hopping pattern generation method based on the water-filling algorithm was proposed in [9] . The water-filling algorithm, however, cannot be used in the forward link, since other users' subchannel states are not known to a mobile.
In this paper, we propose an MC/CDMA system with a simple adaptive subchannel allocation method for the forward link. The mobile estimates the fading amplitudes of all subchannels and feeds back the index of the subchannel which has the largest fading amplitude to the base station. With the index information, the base station allocates each user's DS waveform into the best subchannel for the user. This will be the optimal policy if orthogonal sequences are used as the spreading sequence. We analyze the performance of the proposed system and show the performance improvement of the proposed system when compared to the MRC MC/CDMA system. The proposed system will be shown to have performance gain over the MRC MC/CDMA system not only when orthogonal signature sequences are used but also when random signature sequences are used. We also investigate how the performance is influenced when the signal is not perfectly allocated into the best subchannel.
II. SYSTEM MODEL
The system model that we propose in this paper for the forward links of CDMA cellular systems is shown in Fig. 1 . The system model is based on the MRC MC/CDMA system proposed in [7] : the total system bandwidth is divided into equiwidth subchannels of bandwidth , and identical narrowband DS waveforms are transmitted through the subchannels in parallel. In the proposed system, on the other hand, a favorite subchannel is first chosen for each user 0018-9545/99$10.00 © 1999 IEEE according to the channel state, and a narrowband DS waveform is transmitted through the favorite subchannel (instead of the energy being equally distributed into the subchannels). At the base station, the binary symbol of the th user is spread by the user signature sequence . We assume that there are chips per symbol, and each user has a different signature sequence with period . The sequence modulates an impulse train and the output signal passes through a chip wave-shaping filter, where the energy per chip is . The subchannel selector chooses one best subchannel the index of which will be denoted as for the th user, and the signal output of the filter modulates the subcarrier of the selected subchannel. The index indicates the subchannel which has the largest fading amplitude among all the subchannels of the th user. The mobiles feed back the indices to the base station periodically by estimating the fading amplitudes with a pilot signal, and a mobile and base station update the indices synchronously. Physically, the feedback channel cannot be perfectly error free. However, we assume that the error due to feedback is negligible by using an appropriate coding in the feedback channel. Since only the index of the favorite subchannel has to be transmitted through the feedback channel, the amount of information is very small and we can reduce errors to a negligible degree by using a low rate coding scheme while maintaining good performance. To estimate the fading amplitudes in the mobiles, a pilot signal is transmitted over all subchannels. The pilot symbol is assumed to be for all and the pilot's signature sequence is denoted as . The pilot signal modulates all the subcarriers such that each mobile can estimate the states of all subchannels. In general, the energy devoted to the pilot can be greater than that devoted to each user for reliable channel estimation.
Then the transmitted signal from the base station can be written as (1) where for for (2) and (3) In (1), is the symbol duration with the chip duration, is the angular frequency of the th subchannel, and is the additional energy gain allotted to the pilot signal. The frequency response of the chip waveform is bandlimited to , and satisfies the Nyquist criterion and the following condition:
The channel is assumed to be slowly varying so that the index of the favorite subchannel does not vary over an index updating period. We also assume that the channel is frequency-selective Rayleigh fading, but the subchannels are frequency-nonselective and independent of each other: this can be achieved by selecting properly as in [7] . Then the complex lowpass impulse response of the subchannels from the base station to the th mobile can be modeled as for (5) where is the fading amplitude and is the random phase of the subchannel. The amplitudes are independent and identically distributed (i.i.d.) Rayleigh fading random variables and are uniform i.i.d. random variables over .
The received signal at the th mobile is given by (6) where is the additive white Gaussian noise (AWGN). Each mobile decides the index of the favorite subchannel by estimating the fading amplitudes of the subchannels using the pilot signal. The received signal is coherently demodulated by each subcarrier and then passed through a chip wave-shaping filter. The filter outputs are correlated by the pilot's signature sequence to obtain the pilot signal on each subchannel. The best subchannel estimator estimates the fading amplitudes of all the subchannels using the output of the pilot correlator and then decides the index of the favorite subchannel: let the index be . The mobile preserves the index over the updating period and correlates the filter output corresponding to the th subchannel with the user's signature sequence to get the transmitted information symbol. The output of the chip wave-shaping filter of the th subchannel is given by (7) where is the set of active users who share the th subchannel among the total active users, , and is the filtered AWGN, with denoting the inverse Fourier transform. The output signal of the correlator for the th data bit can be written as (8) where (9) (10) and (11) In (10), is the crosscorrelation between the th-and th-user signature sequences defined by (12) as in [10] . Note that for , since satisfies the Nyquist criterion.
III. PERFORMANCE ANALYSIS

A. Perfect Subchannel Allocation
In this section, we investigate the performance of the proposed system when the best channel is perfectly estimated. First, let us consider the performance when we use orthogonal sequences as the user signature sequences. If we use orthogonal sequences (for example, the Walsh-Hadamard sequence), becomes zero since for . Then the bit-error rate (BER) conditioned on is
where and is the energy per bit. To get the statistic of , let us consider the set , which is an ordered set of so that
Then the probability density function (pdf) of , is [11] (14)
where is the pdf of and is the corresponding cumulative distribution function (cdf). Since is assumed to have Rayleigh pdf in this paper, (14) becomes (15) where . Since , the BER averaged over is (16) where . The derivation of (16) is more clearly shown in Appendix A. Note that the BER (16) is not dependent on the number of users. Next, we investigate the performance of the system when random sequences are used as the user signature sequences. Here, we introduce a new variable (17) such that , where and is the size of the set : that is, is the number of users allocated to the th subchannel at the same time.
If the transmitted symbol of the th user is assumed to be , the bit error probability conditioned on and can be written as if if .
The BER averaged over , conditioned on , can be found after the same calculations as in (16) except that is used instead of if if .
If we assume that data symbols of different users are i.i.d. with probability and the chips of random signature sequences are also i.i.d. with probability , the mean of is zero and the variance of is given as
Since is made of the sums of random binary sequences, can be assumed to be Gaussian if is large [12] . Then the pdf of is for (21) and the BER averaged on conditioned on for is
Note that, when , (22) is the same as (16). If we assume that the channel for a mobile is independent of the channel for any other mobile and the probability of choosing one subchannel as the best subchannel among the subchannels is equiprobable, the average BER can be written as (23)
B. Imperfect Subchannel Allocation
In this section, we investigate the effect of an error in the allocation of the favorite subchannel on the performance of the proposed system. When the fading amplitude is not estimated correctly or the channel varies during the updating period, may or may not be the largest value among . If we assume that is always (that is, if the subchannel with the th largest amplitude is always chosen incorrectly as the best subchannel for user ), the average BER, as shown in Appendix A, can be written as where is the allocation rate to the subchannel of the th largest fading amplitude and satisfies the condition For random signature sequences, when there are users in the allocated subchannel, the BER is (26) where (27) The average BER for random signature sequences when an error in the subchannel allocation occurs can be found if is substituted for in (23).
IV. NUMERICAL RESULTS
In this section, the performance of the proposed system is investigated along with that of the MRC MC/CDMA system. For comparisons, the performance of the MRC MC/CDMA system is analyzed for the forward link in Appendix B. In the following results, we keep the total available bandwidth the same for both systems and set . Fig. 2 shows the performance of the proposed and MRC MC/CDMA systems when orthogonal signature sequences are used. In this figure, the processing gain for each subcarrier signal is , , and when the number of subcarriers is , , and , respectively. Since there is no interference from other user's and pilot signals when orthogonal sequences are used, the performance is the same irrespective of the number of users and the energy allotted to the pilot signal. We can see that the proposed system outperforms the MRC MC/CDMA system: this is natural considering that to allocate all the signal energy to the "good" subchannel is clearly better than to distribute the energy into the subchannels when we know the channel state. It is also observed that, as the number of subcarriers increases, the signal-to-noise ratio (SNR) gain of the proposed system over the MRC MC/CDMA system increases.
In Figs. 3 and 4 , we compare the performance of the two systems when random signature sequences are used, , and , and the number of users is and , respectively. In these figures, the "worst" case of the proposed system means that all active users are allocated to the same subchannel: more specifically, the worst case indicates conditioned on . It is shown that the proposed system outperforms the MRC MC/CDMA system even in the worst case. It is observed that, as more energy is allotted to the pilot signal, the performance becomes worse due to the interference from the pilot signal. For reliable channel estimation, however, sufficient energy should be allotted to the pilot signal.
Figs. 5 and 6 show how the subchannel allocation error influences the performance when orthogonal and random signature sequences are used for spreading sequences, respectively. In Fig. 6 , we fix and . The performance when the subchannel with the th largest fading amplitude is always selected for signal transmission (that is, the case ) is shown to give the intuition on the performance degradation due to the subchannel allocation error. In addition, the BER performance is shown when the second best subchannel is erroneously determined to be the best subchannel with probability (that is, the case and ). It is necessary to use reliable channel estimation techniques in the proposed system, if we want the proposed system to have better performance than the MRC MC/CDMA system. When random signature sequences are used, the effect of the subchannel allocation error is smaller than that on the system with orthogonal sequences. This results because only the fading amplitude of the selected subchannel has an effect on the system performance when orthogonal sequences are used while both the fading amplitude and interference from other users in the selected subchannel have an effect when random sequences are used. Except for the extreme case where the subchannel with the smallest amplitude is always selected for signal transmission, the performance of the proposed system is better than that of the MRC MC/CDMA system.
V. CONCLUDING REMARK
In this paper, we proposed an adaptive MC/CDMA system with a simple subchannel allocation method for forward links. The mobile estimated the fading amplitudes of all subchannels and fed back the index of the subchannel which had the largest fading amplitude to the base station. The base station allocated the user's DS waveform to the best subchannel with the index information.
We analyzed the performance characteristics of the proposed system when orthogonal and random signature sequences were used for spreading sequences. The proposed system was shown to have performance gain over the MRC MC/CDMA system. We also investigated how the performance was influenced when the signal was not perfectly allocated to the best subchannel. It was shown that the performance of the system with orthogonal signature sequences was affected more by the subchannel allocation error than by that of the system with random signature sequences: the proposed system outperformed the conventional one except for the extreme case.
APPENDIX A
In this Appendix, we derive the average BER when a user signal is always allocated to the subchannel with the th largest fading amplitude and orthogonal sequences are used. The pdf of is (28) and the BER averaged over is (29) where and we used the fact that The performance of the MRC MC/CDMA system was investigated in [7] for the reverse link. Here, we derive the performance of the MRC MC/CDMA system in the synchronous forward link. The channel model is the same as that in Section II. Then the MRC MC/CDMA signal at the th mobile is
Here, a pilot signal is also added in the MRC MC/CDMA system to obtain the fading amplitude information for MRC. After the same procedure as that in Section III, we can find the correlator output for the th subchannel as 
where .
